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Summary 
Circular economy is seen as an alternative concept that seeks to slow down the rate of resource 
consumption by circulating them in the society for longest time possible, and to eliminate waste by 
smarter product design and business models. The relevance of a circular model is greatly pronounced for 
the electrical and electronic products (e-products), the use of which has been growing rapidly in recent 
decades. Despite several well-intended initiatives, the management systems for the end-of-life (EoL) e-
products (known as e-waste) has not been performing as planned, let alone being able to close the material 
loops. Stretching between these two burning topics of ‘e-waste management’ and ‘circular economy’, this 
thesis investigates the existing EoL system in order to explore the opportunities for implementing a 
circular model for e-products. 
The study begins with seeking to understand the current e-waste management systems and the 
relevant organizational and legislatives provisions. It then goes on to documenting product and material 
flows in the EoL material recovery chain using a handful of case studies. This understanding allows the 
identification of the hotspots for resource losses and their relation to product design. Further, in order to 
explore the potential of reuse, refurbishment, and recycling, the thesis empirically characterizes EoL 
products collected through the official system, which is supplemented by an economic assessment that 
compares the different EoL options. It also briefly investigates, based on an empirical field survey, the 
user perception of possible EoL scenarios for e-products with the goal of understanding the users’ role in 
the EoL management. Finally, in order to address the identified challenges, the thesis suggests solution 
frameworks and concepts that aim for an integrated product lifecycle management and improved resource 
efficiency. 
The key contributions and insights offered by this PhD work include: 
- a thorough diagnosis of existing EoL management systems and relevant legislative provisions, 
- an updated understanding of product and material flows in e-waste management systems, 
- identification of losses occurring in the resource recovery chain and the causes of these losses, 
- an estimation of economic potentials for reuse, repair and recycling of collected EoL products,   
- an insight into users’ perception of product design, EoL, and the concept of circular economy,  
- a framework for information exchange among the stakeholders in the e-industry in order to 
implement circular economy and a ‘design for EoL’ thinking, and finally 
- a conceptual solution for better EoL resource recovery and design for EoL for e-products. 
The findings of this PhD work are of significant implications for stakeholders in the different 
stages of e-products’ lifecycle – from design to EoL. The ideas proposed carry the potential for supporting 
the transition towards a circular economy for the e-industry and beyond. 
Dansk Sammenfatning 
Cirkulær økonomi er et alternativt koncept, der har som mål dels at bremse hastigheden af 
samfundets ressourceforbrug ved at cirkulere ressourcerne i samfundet i længst mulig tid, dels at fjerne 
affald ved smartere produkt design og nye forretningsmodeller. Relevansen af en cirkulær model er meget 
udtalt for elektriske og elektroniske produkter (e-produkter), for hvilke forbruget har været hastigt 
voksende i de seneste årtier. Trods adskillige velmente initiativer har management systemerne for end-
of-life (EoL) e-produkter (kendt som e-affald) ikke udviklet sig som tilsigtet, endsige formået at lukke de 
materielle kredsløb. I spændet mellem disse to højaktuelle emner af "forvaltning e-affald" og "cirkulær 
økonomi", undersøger denne afhandling det eksisterende EoL system for at afklare mulighederne for en 
cirkulær model for e-produkter. 
 Studiet begynder med at søge for at forstå de nuværende e-affald management systemer og de 
relevante organisatoriske og lovmæssige bestemmelser. Det går derefter videre til at dokumentere 
produkt- og materialestrømme i EoL materialegenvindingskæderne ved hjælp af et antal casestudier. 
Erkendelserne herfra gør det muligt at identificere de væsentlige hotspots af ressourcetab og deres relation 
til produktdesign. For at undersøge potentialet i genbrug, renovering og genanvendelse, karakteriserer 
afhandlingen empirisk EoL produkter indsamlet via det officielle system, og supplerer karakteriseringen 
med en økonomisk vurdering, der sammenligner de forskellige EoL muligheder. Via en et empirisk 
feltstudie undersøges brugerens opfattelse af mulige EoL scenarier for e-produkter endvidere med det mål 
at forstå brugernes rolle i EoL forvaltningen. Endelig, for at løse de identificerede udfordringer, foreslår 
afhandlingen løsningsrammer og koncepter, der sigter mod en integreret forvaltning af produktets 
livscyklus og forbedret samlet ressourceeffektivitet. 
De vigtigste bidrag og erkendelser fra dette ph.d. arbejde omfatter: 
- en grundig diagnose af eksisterende EoL management systemer og relevante 
lovgivningsbestemmelser, 
- en opdateret forståelse af produkter og materialestrømme i e-affald management systemer, 
- identificering af tab, der forekommer i EoL ressourcegenanvendelseskæder og årsagerne til disse 
tab, 
- vurdering af det økonomiske potentiale for genbrug, reparation og genvinding af indsamlede EoL 
produkter, 
- et indblik i brugernes opfattelse af produktdesign, EoL, og begrebet cirkulær økonomi, 
- en ramme for udveksling af oplysninger mellem interessenter i e-industrien for at gennemføre 
cirkulær økonomi og en "design for EoL” tænkning, og endelig 
- en konceptuel løsning til bedre EoL ressource nyttiggørelse og design for EoL for e-produkter. 
Resultaterne af dette ph.d. arbejde er af stor betydning for dem, der er interesseret i de forskellige 
stadier af e-produkter livscyklus - fra design til EoL. De foreslåede ideer rummer potentialet til at 
understøtte overgangen til en cirkulær økonomi for e-industrien og videre. 
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“The goods of today are the resources of tomorrow at yesterday’s prices.” 
Walter R. Stahel 
  
1 
 
1 Setting the Stage 
Thanks to the continual technological advancement, today we have access to a multiplicity of 
electrical and electronic products (e-products). These products have not only made our daily lives more 
convenient, they have become a key element of the modern society – be it communication, entertainment 
or the way we connect with each other. Some household products (e.g. refrigerator) were already common 
in developed countries like the United States during the first half of the 20th century. But it is the digital 
revolution, which started in the 1950s1, that has allowed the mass production of computing and 
communication devices (e.g. personal computer and cellular phone) and made e-products ubiquitous. At 
present more than 50% the world’s population has access to the internet, compared to 0.05% in 19902. 
This has brought about an important positive change in the society with an open access to the information 
that can start movements and save lives.  
However, there also exists an undesirable side of this technological bliss. As technologies keep 
evolving, an increasing number of e-products are commercially available and affordable to the masses. 
Eventually, once these products come to the end of their useful life, they are discarded as waste – a 
stream known as electronic waste (e-waste†)3. With the rising use of e-products, the amount of e-waste 
produced has also been increasing during the last few decades (Figure 1). This increase is further fueled 
by the shortened lifespan of products, which is a direct result of rapid upgrade of technology that renders 
existing products useless in a short period of time (e.g. cathode ray tube televisions first being replaced 
by liquid-crystal-displays, and then by plasma and light-emitting diode technologies within a few years). 
Today, e-waste is regarded as the fastest growing waste stream globally with an annual generation rate 
of around 50 million metric tons (Mt)4. 
 
Figure 1 The annual generation of e-waste is estimated to be equivalent to the weight of 5,000 Eiffel Towers5 
                                         
† “E-waste is a term used to cover items of all types of electrical and electronic equipment and its parts that 
have been discarded by the owner as waste without the intention of re-use.” – Step Initiative 
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The rising quantity of e-waste, in its own right, may not have been alarming in the 21st century 
– especially in industrialized countries with established management systems for different waste streams 
(e.g. municipal and packaging wastes). It is the nature of e-waste – namely the compositional complexity 
in terms of diverse product types and materials used in them – that has brought challenges to their EoL 
management. As the EoL resource recovery techniques are being outpaced by emerging composite and 
elementally diverse products, the lack of efficient collection and recycling infrastructure persists6. The 
combination of complex product characteristics and insufficiency in the EoL management results in a 
poor recovery of the recyclable materials (e.g. metals and plastics) present in e-products. Moreover, e-
products not only contain recyclable items, but their components may also entail highly toxic chemical 
substances. Improper handling of e-waste therefore can potentially result in the release of these substances 
to the atmosphere, which in turn can lead to severe impacts on human health as well as the environment.  
These issues have attracted the attention of authorities who realized the need of a legislative 
framework for managing this special waste stream. The European Union (EU) has been the frontrunner 
in this sector, being able to establish a system for e-waste management based on the extended producer 
responsibility (EPR‡) principle. The exemplary Waste Electrical and Electronic Equipment (WEEE) 
Directive (2003)7 provides the foundation for e-waste management – from definition of the waste stream 
to targets for collection and resource recovery. The Directive requires all member states of the EU to 
establish a separate collection system of e-waste in order to avoid the disposal of end-of-life electronics 
into the unsorted municipal waste system. Also known as the ‘take-back’ system, the provision aims to 
avoid the outflows of toxic materials, improve resource recovery, and more importantly, encourage the 
producers to consider EoL management during the design of e-products. 
Nevertheless, only 35% of the 9.45 Mt of e-waste generated in Europe in 2012 entered the official 
recycling chain, while the rest was handled by complementary channels8. Such channels include 
scavenging of valuable parts, non-compliant recycling activities within the EU, and exports (both 
documented and undocumented) of used and EoL products outside the EU. For 2012, the amount of 
undocumented e-waste export was 1.3 Mt, whereas another 3.15 Mt was recycled within the EU under 
non-compliant conditions. Out of the collected EoL e-products under the official system, 68% was sent to 
recycling facilities and only 2% of it was prepared for reuse9. These low rates of collection and recycling 
means a significant loss of opportunities in the form of the valuable resources present in the EoL 
products10. 
                                         
‡ “Extended Producer Responsibility (EPR) is a policy approach under which producers are given a 
significant responsibility – financial and/or physical – for the treatment or disposal of post-consumer products.” – 
The Organisation for Economic Co-operation and Development (OECD)  
3 
 
With the increased focus on resource efficiency, there have been initiatives towards not only 
improving the material recycling, but also fundamentally changing the way we use resources. Circular 
economy§, for example, has been conceptualized as an industrial system that aims to ‘design out’ waste 
through optimized cycles of products, components and materials by keeping them at their highest utility 
and value11. Given the increasing amount of e-waste and challenges in its management, e-products have 
been identified to have a strong relevance to this concept. The EoL options prioritized in the circular 
model (e.g. reuse and remanufacturing) are also affirmed to bring more economic and environmental 
savings compared to material recycling12. Nevertheless, there remain several challenges – economic, 
technological, legislative, and social – that need to be addressed for a successful transition towards such 
a model. 
This PhD work aims at understanding these challenges as well as the opportunities in the EoL 
management of the e-products, and identifying possible strategies for the implementation of a more 
‘circular’ model for the e-industry. The overall objective of this PhD work can be framed as the following:  
1. To diagnose the existing e-waste management systems:  
It includes critically examining the EoL management systems in industrialized as well as in less 
developed regions; and understanding flows of e-waste, identifying resource losses in the recycling chain, 
and pinpointing the causes for the losses related to both resource recovery processes and product design. 
2. To explore the potentials for circular economy:  
It includes evaluating the potentials for better material recovery and reuse possibilities with the 
help of an empirical understanding of the remaining functionality of EoL e-products and their material 
compositions, and identifying the drivers and challenges towards materializing these opportunities in the 
lifecycle management of e-products. 
3. To propose solution frameworks for the transition:  
It includes coming up with technology- and policy-related solutions for improving the EoL 
management of e-products as well as facilitating the implementation of a ‘design for EoL’ philosophy, 
which could conceivably help the e-industry to close the materials loop and go ‘circular’. 
                                         
§ “A circular economy is one that is restorative and regenerative by design, and which aims to keep products, 
components and materials at their highest utility and value at all times, distinguishing between technical and 
biological cycles.” – Ellen MacArthur Foundation 
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Figure 2 Structure of the PhD thesis  
A total of eight different scientific journal articles (papers) have been produced from the work 
during the course of this PhD project. This thesis is built around these eight papers, each of them 
contributing towards one or more of the above-mentioned objectives. These objectives also provide the 
foundation for the structure of this thesis (Figure 2). The following provides a brief detail of the papers, 
the full manuscripts of which are attached in the appendix at the end of this thesis. 
Paper I. Electronic waste and informal recycling in Kathmandu, Nepal: Challenges and 
opportunities 
This article builds on a field study, focusing on the e-waste in the informal waste recycling 
chain in Kathmandu. We characterize the informal waste sector and its role in e-waste 
management in the capital city of Nepal. Moreover, we map the lifecycle of e-products, including 
their end-of-life management and identify the key stakeholders. Along with the assessment of the 
possibilities and challenges, the study provides an insight into the informal e-waste management 
system in a country without any legislative provisions. 
Paper II. Waste electrical and electronic equipment in Denmark: Flows, quantities and 
management 
In this article, we quantify the e-waste flows in Denmark using dynamic material flow 
analysis for the period of 1990 to 2025. Building on that, we estimate the secondary resources 
available in this particular waste stream over the years, and their potential revenue. The study 
also provides a system-level understanding of the flows and diagnoses the performance of the 
current e-waste management system. Further, it offers a crucial insight of the e-waste management 
system needed for improving the overall resource recovery from EoL products. 
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Paper III. Tracking the Flow of Resources in Electronic Waste - The Case of End-of-Life Computer 
Hard Disk Drives 
This article provides details of the flow of resources contained in the hard disc drives (e.g. 
rare earths, aluminum, steel, copper, and plastics) in an e-waste treatment chain. Using material 
flow analysis and an experimental run at an e-waste preprocessing facility, we track the resulting 
output fractions all the way to the final smelting processes in order to estimate the overall recovery 
of the valuable resources in the case product. 
Paper IV. End-of-life resource recovery from emerging electronic products – A case study of robotic 
vacuum cleaners 
In this article, we investigate the performance of an emerging e-product – robotic vacuum 
cleaner – in the existing e-waste recycling chain, and the role of product design in the material 
recovery process. This study establishes a novel method in evaluating the EoL resource recovery 
from an e-product based on the empirical understanding of the fate of a product at the recycling 
chain, and provides the understanding of how the design of a product is linked with the present 
EoL treatment processes and its implication in the material recovery chain. 
Paper V. Potential for circular economy in household WEEE management 
In this article, we characterize the EoL products collected as two collection fractions of e-
waste (small appliances and monitors), which cover most of the household items. Building on a 
comprehensive empirical analysis, we estimate the potential revenue generation – from both reuse 
of functional products and material recovery – and show how these resource recovery options 
compare to each other. The study offers a significant new knowledge for the e-waste management 
sector, which is becoming increasingly pertinent given the push towards circular economy. 
Paper VI. Product design in the circular economy: users’ perception of end-of-life scenarios for 
electrical and electronic appliances  
In this study, we investigate how users of e-products perceive the possible EoL scenarios 
– namely reuse, remanufacturing, and recycling. A combination of questionnaire survey and Kano 
modelling was used to assess users’ preferences regarding product EoL scenarios and methods of 
disposal, and the willingness to pay for ‘environmentally friendly’ products. The study further 
identifies these preferences within different demographic and psychographic user segments. The 
outcome of this study can be used by product developers to identify the most relevant EoL options 
for their products and integrate the strategies for product EoL during the design stage. 
Paper VII. Circular economy in WEEE management: Information basis for resource recovery and 
design for end-of-life 
6  
 
In this study, we look into the potentials and challenges for implementing the concept of 
circular economy in the management of e-waste. Building on the comprehensive understanding of 
the existing e-waste management system, we propose a framework for information exchange 
among the stakeholders in the product lifecycle in order to optimize resource recovery and to 
facilitate design for end-of-life. Further, we illustrate the functionality of the proposed framework 
using a case product in the current e-waste management system. 
Paper VIII. Product family approach in e-waste management: A conceptual framework for circular 
economy 
In this paper, we introduce a conceptual framework based on product family approach that 
aims at addressing challenges in the e-waste management. We provide a thorough diagnosis of the 
existing system for EoL management of e-products and identify the attributes related to products 
and EoL systems upon which product families of e-products can be built. Finally, we identify the 
success criteria for the implementation of the envisioned framework, which may ensure a smooth 
transition of the e-industry towards a more circular model. 
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2 E-waste Management 
E-waste has attracted increasing attention all over the world as the ‘fastest growing waste stream’ 
during last two decades. The accelerating rate of waste formation, use of valuable resources as well as 
potentially hazardous substances, and the environmental and human health impacts related to the EoL 
management of e-products have been the key issues in discussion13. Like the global supply chains of e-
products, their reverse flow in the form of EoL (or used) products) are also transboundary14, which are 
driven by the content of recyclable materials such as plastics, base metals (e.g. iron, copper, and 
aluminum) and precious metals (e.g. gold, palladium, and silver). The annual e-waste generated globally 
contains an intrinsic material value of approximately €50 billion4. Not surprisingly, this has led to the 
involvement of both formal and informal sectors from all around the world in its recycling.  
The material recovery from e-waste, however, is not straightforward. Along with the valuable 
resources, e-products also contain potentially hazardous substances (e.g. polycyclic aromatic hydrocarbons 
(PAH), polybrominated diphenyl ether (PBDE), polychlorinated biphenyls (PCB), and heavy metals 
including cadmium, lead, zinc, and mercury) that require careful handling. The primitive processing 
techniques (e.g. open burning and acid leaching) for material recovery lead to the release of contaminants 
(e.g. heavy metals, brominated dioxins and PAH) in ambient air, groundwater and topsoil. Dietary and 
non-dietary intake of such substances has been associated with severe human health issues including 
respiratory irritation, skin injury, and circulatory failure15,16.  
With the objective of protecting human health and environment, The Basel Convention (1989) 
restricted the transboundary movement of hazardous wastes to countries where ‘environmentally sound’ 
practices of managing such wastes are absent17. Nevertheless, a trend of dumping e-waste from the western 
world to the less-developed countries continued, which was exposed by the Basel Action Network through 
documentaries and reports: “Exporting Harm: The High-Tech Trashing of Asia” in 200218 and “The Digital 
Dump: Exporting Re-use and Abuse to Africa” in 200519.  
Although progress has been made, not all countries have been able to build the infrastructure and 
legislative framework to counter this problem – including the United States, one of the world’s largest e-
waste producers that remains the only ‘developed’ country not to ratify the Basel Convention even after 
25 years since it entered into force. Europe, on the other hand, has managed to make significant progress 
on this topic. Management of e-waste was envisioned based on the principle of extended producer 
responsibility (EPR) that was first introduced in Europe during the early 1990s20,21. However, in many 
developing countries of South America, Asia, and Africa, e-waste is handled largely by the so-called 
informal sector – together with other recyclable materials in waste streams. And unfortunately, the 
transboundary movement of e-waste from rich to poor countries still exists (Figure 3). 
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Figure 3 Global e-waste generation and transboundary movements of e-waste from more-developed to developing 
countries (dubbed as the ‘Unfair Flow')22  
2.1 Two different scenarios 
a) Informal e-waste recycling 
The informal recycling sector has been identified as the self-organized urban workforce, mainly in 
the less industrialized countries, which makes its living by collecting and selling the valuable materials 
recovered from waste23. As much as 2% of the population – mainly consisting of poor, disadvantaged, 
marginalized and vulnerable social groups (e.g. illiterate, rural migrants and minorities) – in some of the 
low- and middle-income countries is reported to rely on informal waste recycling activities for everyday 
survival24. The rapid growth in e-waste generation, potential economic benefits from the material recovery 
and the existing trade of EoL electronics between users and recyclers have contributed to the increasing 
involvement of the informal sector in e-waste management in these countries15,25.  
Paper I provides an example of the informal waste handling system with a case study of 
Kathmandu, one of the least developed capital cities. Without a proper waste management system, the 
city relies mostly on the informal sector for material recovery from various waste streams, including e-
waste. This active involvement of the informal sector in waste recycling can be attributed to the lack of 
resource recovery policies in the existing ‘collect-and-dump’ approach for waste management in the city. 
While the informal sector is efficient in collecting and salvaging selected recyclables from different waste 
streams, the environmental and health issues related to these processes are equally undesirable.  
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Figure 4 An informal waste recycler dismantling compressor from a refrigerator in Kathmandu, Nepal (Paper I) 
Both positive and negative aspects can be found in the informal e-waste recycling system. The 
processing techniques used are rudimentary (an example shown in Figure 4), which pose significant health 
and safety risks to the workers. On the other hand, the recovered material streams are of high purity and 
cleanliness, as the manual processing makes it possible to recover even very small valuable components 
from the EoL products. Similarly, the workforce of around 10,000 scrap collectors in Kathmandu is able 
to collect the EoL products efficiently from the urban settlement. However, the collection system – driven 
by material value and not by legislative requirements – results in ‘cherry-picking’ of the valuable products 
and components leaving the less valuable and undesirable fraction behind. This uncollected fraction, 
which includes hazardous substances in e-products, usually enters the municipal waste stream that does 
not receive any special treatment. 
b) EPR-based e-waste management system 
Many developed countries, and especially those in the EU, have established an e-waste 
management system based on the EPR (or take-back) principle. The European Directive on WEEE 
(2002/96/EC) has laid the foundation for the EoL management, which requires a separate handling 
system (from other solid waste), and provides tangible goals for the collection and the subsequent 
treatment of e-waste7. The take-back system makes producers responsible for the EoL management of 
their e-products with the aim of avoiding toxic materials to enter other waste flows, improving 
recyclability, and encouraging the integration of EoL issues during product design. 
The management of the take-back system requires enforcement of related legislations and 
coordination among the relevant stakeholders. Different models exist, where the system could be led by 
one or more of the following parties: 
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- Government agencies: mainly the environmental agencies with additional responsibilities of 
managing collection fees, supervising the implementation of take-back system etc. 
- Producers: product recovery network with own recycling infrastructure or contracted service 
provider to collect and treat the EoL products.  
- Third party organizations (or collective schemes): mainly made up of producers with or without 
other stakeholders (e.g. government, recyclers and waste collectors). 
E-waste management in Denmark, for example, is overseen by collective schemes. In cooperation 
with local municipalities, these schemes provide a separate collection platform for e-waste. The schemes 
also make arrangements for the treatment of the collected e-waste based on a competitive bidding among 
recycling companies. Along with the collection and treatment, these schemes are also responsible for 
reporting the amounts of marketed e-products to the Danish Producer Responsibility System (DPA-
System), the body with the overall administrative responsibility for the management of e-waste in 
Denmark26.  
Paper II provides a comprehensive insight into the Danish e-waste management system that is 
built on the take-back system, and operates under the WEEE Directive. So far, the performance of 
existing system in Denmark has been sufficient against the Directive’s requirements. The collection target 
of 4 kg per capita per year set by the Directive has been easily achieved with, for example, 12.7 kg per 
capita collected in 2014. However, the recast of the WEEE Directive (2012)27 requires the new collection 
targets to be calculated based on the amount of e-products marketed over three preceding years or the 
e-waste generated in the same year in each member state. It implies that more robust record keeping and 
calculations will be required to document the performance of e-waste management system. The new set 
of legislations will also require higher recycling and recovery rates. 
 
Figure 5 An example of WEEE management system in Europe – the flow of e-products, e-waste and the embodied 
materials along their life stages within and outside the spatial boundary of Denmark (Paper II).  
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The findings of this study suggest that a better and transparent documentation of the flows is 
required not only to achieve the new targets, but also to genuinely improve the overall e-waste 
management in Denmark. There is a need for recalibration of the performance indicators (e.g. collection 
and recycling rates) based on the understanding of the whole system. For example, the quantities of 
complementary e-waste flows (i.e. outside the official system, see Figure 5) are not known, which 
challenges the precision of metrics used for evaluating the performance of the current collection and the 
material recovery system.  
2.2 Material recovery chain 
A typical pathway of EoL material recovery under the take-back system consists of three major 
steps: collection, preprocessing, and end processing.  
a) Collection 
Different models of e-waste collection exist with involvement of one or more shareholders. These 
include permanent sites (civic amenity sites and point-of-purchase collection), drop-off events, and door-
to-door collection (curbside collection and direct pick up). Collection at the civic amenity sites is the 
most commonly practiced method, especially for household appliances (Figure 6). Also known as ‘recycling 
centers’ (‘Genbrugsstation’ in Danish), these sites are managed by local waste management companies 
and provide collection services for different streams of waste, including e-waste. In Denmark, more than 
90% of the total registered e-waste was collected by the municipal collection system in 201428. The EoL 
products are normally collected in five Fractions: Fraction 1 ‘Large appliances’, Fraction 2 ‘Cooling 
equipment’, Fraction 3 ‘Small appliances’, Fraction 4 ‘Monitors’, and Fraction 5 ‘Light sources’. Other 
related items such as batteries and cables are collected in separate fractions. 
 
Figure 6 Examples of e-waste collected in cages at the recycling centers in Denmark  
[left: Fraction 1 ‘Large appliances’; right: Fraction 3 ‘Small appliances’] 
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b) Preprocessing 
These five collection fractions serve as the primary sorting of the complex stream of e-waste. Once 
collected in these fractions, the EoL products are sent to their respective preprocessing facilities. Fraction 
1 is processed at large shredders, while Fraction 2 has to be processed at special plants designed for safe 
removal of coolants from the cooling equipment before the shredding. Similarly, Fraction 5 requires a 
tailored processing. The remaining Fractions (3 and 4) are collected in cages and sent to small-WEEE 
plants for preprocessing. These two fractions collectively make up for the majority of the collected e-
waste, which comprise a large variety of products from nine categories (Figure 7). 
 
Figure 7 E-waste collected in Denmark (2014) per categories defined by the WEEE Directive (Annex II)27 and the 
respective collection fractions28 (kt: kilo tons)  
Preprocessing is the first step of the material recovery chain, which mainly consists of manual and 
mechanical size reduction and subsequent sorting steps that produce material streams suitable for the 
end processing. The choice of technology in preprocessing steps depends on the target materials to be 
recovered and their concentration in the input e-waste stream. For example, household products (e.g. 
vacuum cleaner and microwave oven) are sent directly to mechanical size reduction (shredding), while 
manual dismantling is preferred for some IT equipment and consumer electronics (e.g. computers and 
DVD players). The preprocessing starts with destruction and size reduction of EoL products, which leads 
to material liberation and their subsequent separation. Whole (or disassembled) products are fed into the 
shredder, where it goes through a mechanical size reduction process until a pre-defined particle size is 
achieved. Different types of shredder exist, the choice of which depends largely on types of e-waste to be 
processed (see an example in Figure 8). This is an important step, as the efficiency of material separation 
and recovery relies on the degree of liberation. Improper liberation causes less effective separation of 
materials while excessive comminution may result in loss of valuable materials. 
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Figure 8 Handling of collection fraction 'Large appliances' at H.J. Hansen recycling facility (Odense, Denmark; 
Capacity; 400 tons/day), where EoL white goods are shredded in a big shredder alongside EoL vehicles. 
The materials liberated through the comminution process are separated using combination of 
different sorting techniques including manual, mechanical, electro-magnetic separation, and advanced 
sorting technologies. Magnetic and eddy-current separators are mostly used to recover ferrous fraction 
(mainly steel) and non-ferrous metals (e.g. copper and aluminum) from the shredded e-waste. Components 
such as printed circuit boards (PCBs) are processed using specialized techniques such as sensor-based 
material identification and separation. These sorted material streams (known as recyclates) are then sent 
for end processing, where the materials are recovered in their purest form. Though a wide range of 
technologies for sorting that can target specific materials is available, the industrial applications are 
limited by issues such as economy of scale and heterogeneity of the received WEEE for processing. Given 
the complex mixture of various materials used in e-products, it is not always possible to separate and 
recover all of them in an economically feasible way.  
c) End processing 
The different metal, non-metal, and mixed recyclate fractions produced from the preprocessing 
plants are processed for material and energy recovery in specialized end processing plants at the final 
stage. The key end processing routes include plastic, ferrous, aluminum, copper, and precious metals 
recycling. Integrated smelters (e.g. Umicore, Belgium) specialized on the recovery of wide range of metals 
from e-waste recyclates also exist. The downstream pathways for different material streams are shaped 
by factors such as material composition, economy, available technology, and relevant legislative 
requirements. End processing steps are as important as preprocessing for the recycling chain, as they 
define the overall success of material recovery29.  
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The metallic fractions go through one or more metallurgical processes where different metals are 
extracted. Pyrometallurgical process (smelting) is the most common method for the final recovery of 
metals, where the feed is treated at a high temperature in a furnace or a molten bath and different metals 
are collected, while the oxides form a slag phase. Plastics in the recyclates are either recovered at 
specialized facilities (e.g. MBA Polymers, Austria) or sent to thermal treatment plants for energy 
recovery. It may also find its way to regions (Eastern Europe or Asia) where manual sorting is performed 
for partial recovery of some plastic types. Recovering plastic as a material from shredded mixture of e-
waste requires identification and separation of different types of plastic polymers. Plastics are also used 
in the metal recycling process as a reducing agent and/or secondary fuel in the furnace or burned in 
incinerator for energy recovery30.  
The European system for a separate collection and treatment of e-waste under the take-back 
system has been an example for the rest of the world. Nevertheless, the development of the system has 
proven not to be as smooth and the methods of handling the EoL products have yet not advanced as 
expected. Overall recycling rates of metals (primarily the base metals) have improved mainly because of 
the improved separate collection of e-waste but the losses in the EoL management are still significant5. 
2.3 Case studies 
A handful of empirical studies were conducted in order to understand the performance of the 
existing material recovery chain. In Paper III and Paper IV, we investigate the recycling chain using 
two different case products, hard disk drives (HDD) and robotic vacuum cleaners (RVC), respectively. 
These studies illustrate the EoL fate of resources in e-products, which help us identify hotspots and causes 
of material losses throughout the recycling infrastructure. A combination of experimental runs in a 
preprocessing plant and material flow analyses (MFA) was used for both case studies. First the design 
features and the material composition of the case products were studied, followed by the tracking of 
resource flows in the EoL material recovery chain for each product. 
In the first part of the case studies, the products were disassembled using basic handheld tools 
such as screwdriver, pliers, and hammer. Each component of the product was then identified and the 
material composition of the components was analyzed. The fastener types and sequence of disassembly 
for different components were also noted, which can be linked to, for example, the ease of disassembly of 
the case product. The majority of the materials were identified using simple techniques such as visual 
recognition based on the physical properties (e.g. color, density, and texture) of metals and polymers, 
and magnetic detection for ferrous metals. In addition, an X-ray Fluorescence (XRF) Analyzer was used 
to identify the elemental composition of more complex components such as magnets and alloys. 
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Figure 9 Material flows in the recycling chain for the RVC case study. The width of each flow represents the scale of the mass flow, and the bars across the flows show 
their material compositions. [PCB: circuit board, Cu: copper, Al: Aluminum, NFe: other non-ferrous metals, Fe: ferrous metal] (Paper IV). 
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The second part of the case studies included test runs at a contemporary e-waste preprocessing 
plant in Denmark. For each run, an EoL stream of one product type, which included different brands of 
the case product, was fed as input to the plant. The feed weighed a minimum of 244 kg, which was 
enough to run the plant for approximately 15 minutes. The plant was equipped with a chain shredder 
and a combination of material sorting techniques that resulted in the eleven different output streams (or 
fractions) after the different processing steps (Figure 9). The output fractions from the plant further went 
through a manual ‘mixing’ step, in which the material streams are conditioned in order to meet the 
quality demand of the downstream processors and/or buyers, and shipped to them in large volumes. We 
collected the output fractions from the test runs and analyzed each of them using manual sorting and 
material detection. This allowed us to follow the resources in the complex recycling chain, and ultimately 
estimate the downstream material recovery for each of them by performing a material flow analysis for 
each of the outgoing streams (Figure 10). 
 
Figure 10 Overall recovery rates of resources in the two case products (Papers III & IV) 
Two more products – microwave ovens (MO), which is used as the case study in Paper VII and 
conventional vacuum cleaners (results not published separately) – were studied in the same manner. The 
main challenges in the recycling chain and the reasons for resource losses observed during these four case 
studies are summarized in the following. 
a) Mismatch between EoL products and material recovery processes 
While the technologies and the design features of e-products have evolved drastically, the 
techniques used for handling of the e-waste are still trying to catch up. Size reduction and subsequent 
material sorting has been the primary principle for processing the EoL products. While these techniques 
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are suitable for creating materials streams rich in base metals (e.g. steel and aluminum) for downstream 
processing, they result in undesirable mixed and complex recyclate streams of other resources (such as 
plastics, precious metals and rare earth elements), which ultimately leads to the loss of a large part of 
these resources.  
Results from the HDD case study show that 87% of the materials entering the recycling chain 
was ultimately recovered, which was mainly aluminum and steel. However, the shredder-based processing 
resulted in the complete loss of rare earth elements (REEs) present in the neodymium−iron−boron 
(NdFeB) magnets. Similarly, the findings from the RVC case study suggest that, in the best case, the 
existing recycling chain may recover up to 92% of the base metals but only 45% of the plastics were 
recovered as a material. One of the major factors contributing to the low plastic recycling rate is the 
complex nature of the mixed plastic recyclates that resulted from the mechanical shredding. Further, the 
conventional ‘shred-and-separate’ approach in the preprocessing of the EoL products resulted in the 
dispersion and the eventual loss of components such as PCBs and magnets, which potentially carry 
precious metals and rare earth elements (see an example in Figure 11). 
 
Figure 11 A lump of magnetic dust – from components like electromotors and magnetrons – picked by the drum 
magnetic in the after-shredding sorting process 
b) Recycling chain driven by economic interests alone 
A further cause of EoL resource losses is the market realities, i.e. the fact that efforts for resource 
recovery are driven more by economic than environmental interests. Though the take-back system has 
facilitated a mandatory collection and treatment system, recycling industry has been in existence long 
before that, driven by the intrinsic material value of the products. Even today, the supposition for 
recycling is that the cost of EoL management should not be more than the value of materials in a 
particular waste stream30. The recyclates from preprocessing plants are evaluated, for example, by their 
gold content and the per unit price is based on the concentration of the valuable metals31. The 
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environmental issues are in practice secondary, and the ‘greener’ options in preprocessing (e.g. manual 
dismantling) need economic justification first. For example, dismantling and separate processing of 
NdFeB magnets from HDDs is a preferred option (over shredding) with respect to efficient resource 
recovery, as it allows concentrating the target REEs, which in turn can help their recovery. However, the 
small weight share of NdFeB magnets in computer HDDs does not provide enough economic incentives 
for their manual dismantling in a country like Denmark with high labor cost. 
Similarly, plastics recovery is not effectively ensured by present economic incentives even for 
products like RVCs in which plastics represent the largest weight share. The recovery of high-grade 
plastic components from plastic-rich products has been documented to be environmentally the best option 
compared to other alternative disposal routes32. In reality however, it was observed that the price of 
shredded plastic recyclates is decided by the downstream buyers based on the metals contained in them. 
The mixed plastic stream does not always end up at the downstream plastic recycling facilities. If it 
contains enough copper (~20-30%), for example, the recyclate stream (Figure 12) can also be bought by 
a copper smelter where the plastics are not recovered as a material. Such market realities encourage the 
preprocessing plants to focus on producing ‘sellable’, but not necessarily ‘clean’ material outputs. These 
practices ultimately lead to the suboptimal performance of the EoL material recovery chain. 
 
Figure 12 An example of plastic-rich fraction with wires and PCBs (RVC case study) 
c) Absence of ‘design for EoL’ thinking 
Besides the performance of the material recovery chain, our case studies also demonstrate poor 
design decisions in e-products from an EoL resource recovery perspective. Even though it varied among 
the brands and product types, the design for end-of-life (DfEoL) thinking was found to be more or less 
absent in all e-products that we studied. The key design-related issues that affect the EoL material 
recovery process are summarized in Paper IV, which include: 
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- immature product design (e.g. classical design problems such as ‘bird-nest’ wiring of the electronics 
– illustrated in Figure 13), 
- use of fastener types and materials, which makes the material liberation more difficult (e.g. the use 
of steel screws in plastic components, use of glue in electronic components), 
- placement of key components making them difficult to access (e.g. batteries and PCBs that need 
to be removed before shredding), and 
- use of incompatible materials in the product components (e.g. the use of plastic, rubber, and steel 
combined in the brush and wheels, making it impossible to separate them).  
 
Figure 13 The bird-nest wiring found in a dismantled RVC (Paper IV) 
More examples of design decisions lacking EoL consideration and their impact in the EoL 
management are included in the case study of microwave oven (Paper VII). While it should be 
acknowledged that the design decisions are made upfront and need to consider several factors, the 
evidence shows that the ‘EoL’ has not been prioritized as a design factor. In the majority of cases, poor 
design decisions appear to be resulted from the trade-offs of such factors, and not due to technical 
limitations. 
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3 Circular Economy 
The origin of the concept of circular economy (CE) dates back to 1989, when environmental 
economists David W. Pears and R. Kerry Turner introduced the circular economic system33. Other models 
closely related to CE include Cradle-to-Cradle (2002)34, Performance Economy (2006)35, and Blue 
Economy (2010)36. Most recently, the work of Ellen McArthur Foundation (2013)37 has been arguably 
the most influential in bringing the CE concept back to the spotlight. The concept in essence builds on 
four principles: a) eliminating waste, b) use of renewable energy, c) strength in diversity, and d) system 
thinking. In the present context of increasing demand of raw materials and the related environmental 
issues, CE is seen as a promising solution to challenges related to resource efficiency. 
A circular economy not only minimizes wastes by closing the products and/or material loops in 
the industrial ecosystem; but it also changes the economic logic by replacing ‘production’ with ‘sufficiency’ 
by the means of reuse, refurbishment, remanufacturing and recycling38. The aim of this economic model 
is to tackle resource-related challenges while generating growth and reducing environmental impacts, and 
ultimately to decouple ‘economic development’ from ‘resource consumption’11. Given the potential of 
growth, the concept of CE is becoming increasingly relevant for the e-industry, which is identified as one 
of the key focus areas by the recent European Union Action Plan for Circular Economy10. It is supported 
by the fact that e-products use critical raw materials, which are not only of higher economic and 
environmental importance, but also vulnerable to supply disruption. 
While the transition towards a circular model appears to be an inevitability, there remain some 
genuine challenges needing attention – especially in the EoL management of e-products. Built on a ‘waste 
management’ approach, today’s take-back system primarily focuses on material recovery. While proper 
recycling of EoL products offers economic and environmental benefits, the current approach suffers from 
the loss of the remaining functionality in the discarded products. Prioritizing reuse, refurbishment and 
remanufacturing can result in an improved resource recovery, which is preferable for both economic and 
environmental reasons12,39. However, the fragmented EoL management system in existence essentially 
serves as a ‘material collection system’ and not ‘manufacturing-centered take-back system’40. This, in 
turn, has led to resource losses along the suboptimal EoL resource recovery chain. 
Figure 14 illustrates the CE concept while highlighting losses occurring in the current EoL 
management practice. Once collected as e-waste, EoL products are sent to preprocessing facilities where 
they are most likely processed using ‘shred-and-separate’ techniques. As exemplified by our case studies, 
the heterogeneity of EoL products and generalized processing causes the cross-flow of materials in output 
streams, which in turn results in low-quality recyclates. The material streams then enter a global market 
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of secondary resources, where the scrap streams of different metals and plastics are traded, processed, 
and finally recovered as pure material. The success of the final material recovery largely depends on the 
quality of outputs coming from the preprocessing plant. Complex mixture of materials causes inefficient 
final recovery, which results in losses as well as downcycling of valuable resources – both metals and 
nonmetals. 
 
Figure 14 Illustration of the CE concept & the losses occurring in current EoL management system (Paper VII) 
The most significant loss however starts occurring as early as from the point of collection. Most 
of the collected EoL products are sent for material recovery without being considered for reuse, 
refurbishment, or remanufacturing – hence the missed opportunity for reclaiming the remaining 
functionality. The scale of this loss is reflected by the officially documented rate of reuse for EoL e-
products in the EU, which is 2% compared to the recycling rate of 86%9. There do exist some examples 
of reuse through channels of charity/non-profit initiatives as well as some refurbishment companies, but 
they are only in a small scale and not part of the official e-waste management system. 
The lack of initiatives in capturing these opportunities can be attributed to, among other factors, 
the missing insight into the true potential of CE in this sector. Not having an insight into the 
characteristics of discarded products and the resulting uncertainties, for example, keeps the stakeholders 
from investing in alternative EoL options. While previous reports41,42 have painted a rosy picture of the 
opportunity for CE in e-products, a comprehensive knowledge of the situation has been missing. Such an 
22  
 
information becomes a prerequisite in order for the CE concept to be realized in e-waste management 
and to make it a part of the official system. We have tried to fill this knowledge gap by looking into the 
EoL products collected from households and exploring the potentials using a bottom-up approach. 
3.1 Potential for reuse and refurbishment 
Paper V looks into the opportunities for reuse and refurbishment of the EoL products, and 
evaluates the prospects for improvement in the existing e-waste management system. Built on an 
empirical study it characterizes a total of 4704 kg of EoL products collected as collection fractions ‘Small 
appliances’ and ‘Monitors’, which include the majority of e-products used in households. The amount 
corresponds to eight cages of e-waste from each of the two fractions, selected randomly from the existing 
eight recycling centers around the city of Odense. In total, it contained 1115 EoL items belonging to 171 
different product types. The products were collected and handled in dry condition to avoid any possible 
damage due to rain and/or snow. The EoL products were first sorted as per their type, and depending 
on their physical condition, were tested for assessing their remaining product functionality (Figure 15). 
Further, select representative products were characterized to build the resource profile of the two 
collection fractions. Finally, an economic assessment was performed in order to assess the potential 
revenues from possible EoL options. 
 
Figure 15 A completely functional PC found during the empirical study. This picture was taken by a digital 
camera found in another cage of discarded products. The camera was initially missing a memory card, but a 
functioning one was found in a third case and placed in the camera, which made it work. 
A comparison of potential revenues from four different scenarios (Reuse, Reuse+, Recycle, and 
Recycle+) was made for the two collection fractions (Figure 16). ‘Reuse’ covers revenue potential from 
the products that are ‘working fine’, while ‘Reuse+’ includes additional revenue assuming 50% of products 
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that are ‘working with issues’ and ‘not working’ can be prepared for reuse (please refer to Section 2.2 of 
Paper V for further details). In the material recovery scenarios, ‘Recycle’ corresponds to the material 
revenue created from an average preprocessing plant, while ‘Recycle+’ is the revenue based on the inherent 
value of the materials contained, assuming that all materials are fully recovered and refined to virgin 
material quality and sold on the material market. The comparison takes into account the product 
distribution in the e-waste fraction, the remaining functionality, and material composition of the EoL 
products, the existing resale market, and the expected material value in the global market. 
 
Figure 16 Comparison of potential revenue generation from resale and recycling of each cage of EoL products 
collected under fraction ‘small appliances’ and ‘monitors’ at the municipal recycling centers (Paper V). 
Our estimates suggest an average resale revenue of €179 per cage (322 kg) for fraction ‘small 
appliances’, if the EoL products are sold ‘as is’, and an additional €80 per cage in Reuse+ scenario (i.e. 
considering the refurbishment possibility). For the ‘monitors’ fraction (266 kg), these values are €29 and 
€12 per cage, respectively. Similarly, the potential material revenues for the two fractions were estimated 
to be of €596 and €272 per cage, respectively; out of which, only €94 and €21 per cage is captured in 
the preprocessing step today. Interestingly for both fractions, the estimated revenues from reuse are more 
than that from the revenue captured by a shredder-based preprocessing plant in Denmark. Extrapolations 
of our findings suggest a potential annual revenue of up to €19.2 million and €1.7 million, respectively, 
from the resale of the EoL products in the two fractions in Denmark. These potential revenues could be 
even higher considering remanufacturing (reuse of components) possibilities, which was not covered by 
the study. 
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As estimated in Paper II, the growth of e-waste generation has peaked, and in fact, started to 
slow down in countries like Denmark with a saturated market for e-products. Assuming a likely scenario 
of insignificant change in population or individual purchasing power, this trend can be expected to remain 
constant in the near future. This means a decreasing trend in revenues available for the recycling industry 
that mostly relies on the recovery of higher quantities of base metals and smaller concentrations of 
precious and less common metals (see Figure 17).  
Needless to say, our studies have certain limitations and carry some degree of uncertainties that 
come with the lack of data, sample size, and more importantly, the dynamic nature of weight and material 
compositions of e-products and their lifespan. The forecasts of future flows of e-products as well as the 
estimates of revenue potentials of different EoL options are also susceptible to change that comes with 
the dynamic nature of e-products. Moreover, we do not include the investment needed for capturing the 
potential. Nevertheless, we can conclude from findings that there is an opportunity requiring a further 
attention from the e-waste managers and policy makers. 
 
Figure 17 Amount of resources available for recovery in EoL household products in Denmark, presented in four 
groups: (1) common materials, (2) common metals, (3) less common metals, and (4) precious metals (Paper II) 
In a CE system, the waste management system should seek to create values from the EoL 
products, unlike the conventional system that focuses on reducing the cost of collection and disposal38. 
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With this aim, the e-waste management system needs to expand – preferably through the official take-
back system – to cover reuse, refurbishment, and remanufacturing possibilities of all product types. After 
all, the original intention of the take-back system was to improve the overall resource recovery, in which 
the producers take the lead. The potential resale or the intrinsic material value itself may not always be 
sufficient to create a profitable business; therefore, it will require collective efforts from all concerned 
stakeholders. Achieving a better resource recovery will require improvements in the EoL management 
system and the policies alike. A better incentive mechanism, which includes the municipalities, recyclers, 
reuse market stakeholders, and producers, has to be sought. If regional policies (e.g. the WEEE Directive) 
are not sufficient, national provisions to match the local conditions should be considered. 
 
Figure 18 The insufficient collection strategy causes physical damages on flat screens, rendering them useless 
If EoL products are to be prepared for reuse, the way e-waste is collected also needs to change 
fundamentally. For example, many products in the collection cage were found in broken condition due to 
the physical impact (see an example in Figure 18). E-products, especially those with monitors and other 
impact-sensitive parts need to be handled carefully. If broken, such products not only diminish the 
possibilities of reuse, but also influence the ease of recycling, and thus increase the cost of handling. 
Moreover, they could create challenges in logistic as well as the management of potentially hazardous 
substances. A better collection platform can prevent such damages to products during the EoL collection. 
An effective communication with users will be needed to support the collection system. For 
example, the users are expected to dispose of the batteries separately but it is not clear to them whether 
the inbuilt batteries from EoL products should be removed. If intended for reuse, removal of inbuilt 
batteries from products such as a mobile phone can be counterproductive. In another case, products such 
as vacuum cleaners were found with their power cable removed. As the cables have to be collected 
separately, the users might have removed it from the product before putting it in the cage. Such practices 
also prevent the potential reuse of the EoL products, as they increase the cost of preparation for reuse.  
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3.2 Role of product design 
Together with an upgraded collection and management system, capturing the full resource 
potentials in e-waste will also require an intentional effort to design e-products with their EoL in mind. 
Product design not only dictates the material recovery, it also becomes the key factor for the reuse, 
refurbishment, and remanufacturing possibilities at the end of their life. The concept of integrating EoL 
considerations (e.g. recycling and disassembly) into product design is not new – such considerations have 
been proposed as early as 25 years ago43-45. Numerous methodologies, tools and technologies for ‘design 
for recycling’ are available today, covering a wide range of topics from environmental accounting to 
process simulations46. Similarly, the concept ‘design for disassembly’ aims at optimizing reuse, 
remanufacturing, and recycling of materials and components47,48. Although these concepts are credited to 
be of a great significance towards sustainable product lifecycle management, their implementation is 
almost nonexistent49. This can be attributed to the lack of implementability of such DfEoL tools and 
guidelines, and the demanding but too generic nature of the available methodologies50. More importantly, 
it is due to the lack of incentives for the producers and designers who are not directly involved in EoL 
management of their products. 
The conventional focus of the so-called ‘eco-design’ initiatives (e.g. EU Directives for energy 
related products51) has been on the ‘most environmentally significant’ stage of the lifecycle – most often 
product use52. However, valuable resources used in e-products and enormous challenges in their EoL 
management have brought the issue of resource sustainability on the spotlight, together with cleaner 
production, energy efficiency and other challenges in the product lifecycle. Consequently, eco-design 
parameters are now expanding – from the classical focus on production and use – to cover the EoL stage 
of products. Now with the (renewed) focus on circular economy, the role of product design is being 
increasingly discussed. Despite the ongoing discussion and increasing legislative push, however, the 
practical implementation of DfEoL thinking remains a challenge53. As exemplified in our case studies, the 
recycling industry – although equipped with state-of-the art material recovery technologies and evolved 
from years of learning and improvement – are constantly being challenged by the ever-evolving e-products.  
Our case studies illustrate the lack of DfEoL thinking for both – a mature e-product (MO, Paper 
VII) and a relatively young product (RVC, Paper IV). For an example, the RVC components – 
predominantly made of plastics – were put together using steel screws that are ferrous (i.e. magnetic) in 
nature (Figure 19). Worse still, the number of screw fasteners used was excessive in proportion with the 
number of components in the product. The ten RVCs dismantled in the case study used up to 137 screws 
(per product), with an average of 75 screws. On average, removal of PCBs from the product was not 
possible without going through 18 screws. This not only means a longer dismantling time, but also an 
incomplete size reduction and material separation in the shred-and-separate processing. The unwanted 
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materials in the ferrous stream (e.g. plastics and other metals) not only reduce the value of the recyclates, 
but they also add challenges for the steel smelter. For example, even traces of copper in the ferrous 
fraction can add challenges in maintaining the quality of the recycled steel. Similarly, it contributes to 
the loss of the metals and the high-value plastics that are the main constituents of the product. Slight 
design alternatives such as using plastic-based snap fit or plastic screw could solve the problem of material 
separation, thus improving the recycling possibilities. 
  
Figure 19 An example of lack of DfEoL thinking: liberated screws and non-liberated screws with plastic and other 
metal components in a ferrous fraction (Paper IV).  
A successful transition toward a CE is not possible without leveraging the strength of design 
decisions, which arguably play the most important role in defining a product’s EoL fate. By definition, a 
circular model aims at not only ‘closing the loops’ of materials, but also intentionally ‘designing out’ 
wastes. Material recycling and energy recovery should be the last resort for the EoL products in CE. It 
is the inner circles – reuse, refurbishment, and remanufacturing, which maintain the functionality and 
quality of the stock  and extend the product life54 – that by far renders the highest benefit in terms of 
resource saving and environmental performance. The challenges, however, is that despite being less 
material-intensive, these activities can be more labor-intensive, which means a lower cost-efficiency when 
including labor costs – especially in industrialized countries like Denmark. Elegant design of e-products, 
which takes into account these factors, can have the potential to facilitate their lifetime extension and 
reusability.  
An example of poor product design that defies the possibilities for reuse and refurbishment can 
be seen in Figure 20. This one comes from my personal experience at home. The hand blender was a little 
more than a year old when one of the two speed control buttons stopped responding. First, a harder 
pressure on the button would do it, but it eventually stopped working. The blender was used for a couple 
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of more months only at one speed (for which the control was still working) but that too came to its end. 
When we wanted to open the appliance for repair, we noticed the tri-wing screws – not a common type 
of screw, at least not in Europe. Finally, after getting hold of one of the screwdrivers for this special screw 
type, we discovered that the problem was caused by a switch inside that activated the motor. Made of 
plastic, the switch was poorly built and it was not possible to fix because it could not be opened without 
breaking it. 
 
Figure 20 Examples of design flaws (Left: use of uncommon screw type, Right: switch of low quality, the failure of 
which renders the appliance useless and is not commercially available) 
The only option left was to buy a new switch for the blender but that too proved difficult. The 
type of switch used in this particular product was not commercially available – not even in online stores 
like ebay.com. Even if available, the time and effort spent on getting hold of one of the switches and 
fixing the product could hardly justify the extended life of the hand blender that can be bought at the 
local supermarket for 99 Danish Kroner. Unfortunately, the blender had to be discarded of as e-waste. 
The motor used in the blender was fully functional and almost as new, and so were the other units. The 
worst part of the story is that the switch was not even an electronic component, it merely served as a 
mechanical part – yet it could define the fate of the whole product. 
3.3 User perception 
It is evident that going ‘circular’ is not possible without an intentional and proactive improvement 
in product design that respects the desired and/or possible EoL realities. However, a high degree of 
uncertainty in the product EoL can often be demotivating for producers to embrace the DfEoL thinking. 
Besides the EoL management system in place, the fate of a product also depends on the awareness of 
users and their waste handling behavior55. For example, users’ behavior influences whether a broken 
phone gets repaired, or deposited in the e-waste collection fraction ‘small appliances’ or simply discarded 
29 
 
with the mixed household waste for subsequent incineration or landfilling. Even if the phone was designed 
with EoL in mind, it is not guaranteed that all users will appreciate the DfEoL efforts and are willing to 
act accordingly.  
Understanding these factors will allow not only EoL managers to improve the system, but also 
product developers to focus on, and design products according to, the most preferred EoL scenario(s). An 
insight into the product users’ perception of and preference towards different EoL scenarios can guide 
producers to choose the right DfEoL strategies during product design. This, in turn, can help aligning 
producers’ design intentions with the users’ EoL handling practices and ensure the effectiveness of the 
chosen DfEoL strategies. It is not desirable for a producer, for example, to design a mobile phone for 
better recyclability, if the users are more likely to prioritize repair and reuse of the phone. The producer 
might in that case seek for options to improve the product design to ensure durability and repairability.  
Paper VI aims at understanding how users perceive different EoL scenarios for e-products. Using 
the case of eight most common household appliances, the study also investigates whether distinct 
customer segments demonstrate different preferences regarding the different EoL scenarios. The paper 
uses a combination of questionnaire survey and the Kano model56 – a well-established tool to study 
attributes of a product with regard to user acceptability. The method allows product developers to 
visualize the product attributes that are required, wanted or should be improved for the commercial 
success of a product. The paper uses this method to evaluate the EoL options (reuse, remanufacturing, 
and recycling) as product attributes that may be considered during product design. 
Among the three EoL options considered, maximization of reuse potential was regarded as the 
most attractive among the participants of this study. Interestingly, this finding is at odds with the ‘linear’ 
industrial model that does not prioritize reuse. On the contrary, it suggests that user preferences are 
largely aligned with the concept of circular economy, and it is therefore a welcome finding for all 
environmentally concerned stakeholders. Although users generally expressed a positive attitude towards 
DfEoL consideration, the expanded Kano analysis revealed difference in how EoL options were weighed 
by different user segments. Most notably, women were found to favor EoL consideration more than men, 
and were more willing to pay a premium price for environmentally friendly e-products. 
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4 Solution Frameworks 
Based on the learnings from the assessment of the existing system, we can capture the essence of 
the challenges in the following three points: 
a) Fragmented lifecycle management system 
Although the take-back system intends to optimize the whole product lifecycle, the EoL 
requirements are mainly limited to meeting the collection and the subsequent material recycling targets. 
The manufacturing industry is in practice fully separate and not involved in the existing recycling system. 
The EoL management systems operate independently, and they lack effective communication as well as 
incentive mechanisms that include all stakeholders in the product lifecycle. This fragmented approach 
results in the sub-optimization of individual processes in EoL management, but fails to reach the full 
potential for improving the overall resource efficiency. The current approach limits the producers’ 
responsibility only to documenting the EoL collection and recycling rates. More importantly, the 
outsourcing of EoL responsibilities to a third party neglects the DfEoL thinking, which is the core theme 
of the take-back system53. 
b) A material-oriented – not product-oriented – perspective 
The physical implication of the fragmented approach can be seen in the current collection and 
subsequent management infrastructure for EoL e-products. The EoL system is built around material 
recycling and energy recovery, in which the discarded e-products are treated as a waste stream, and not 
as a collection of EoL products. The European WEEE Directive27 fails to provide a rigid framework to 
encourage other EoL alternatives (reuse, refurbishment, and remanufacturing), except for a subtle and 
vague call for reuse. The lack of initiatives to keep the products and components alive for a longer time 
and the unavailability of the spare parts make the alternative EoL possibilities even less likely. As a 
result, there occur losses in terms of product and component functionality at the early stage of the EoL 
management (i.e. disposal and collection). 
c) Generalized ‘one-size-fits-all’ approach 
As defined by the WEEE Directive, e-waste includes all types of electrical and electronic products 
(e-products), which make it a complex stream in terms of both design features and material compositions 
of the products27. Despite the complexity, the vast majority of e-products follow the same EoL processing 
chain, often kicked off by a shredding preprocessing with the aim of liberating materials from each other 
in order to separate them in individual material streams being as pure as possible. This one-size-fits-all 
approach misses the opportunity of capturing values in EoL products in terms of their product and 
component functionalities, which a more differentiated approach – tailored for the characteristics of 
individual EoL product categories – could potentially harness. A product-centric approach has been 
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suggested by, for example, the International Resource Panel30 but the evidence of their implementation 
are not visible in the case of e-products. The challenge has been, among others, to find technological and 
legislative solutions that respect the product diversity as well as the EoL management practices. 
In the following, we offer two solution frameworks – an information exchange platform and an 
approach based on product families – that aim at addressing these challenges in the e-waste management 
and helping a smooth transition of the e-industry towards a more circular model. 
4.1 Information exchange platform 
Our EoL system diagnosis shows that the take-back initiative has evolved to be an arrangement 
where the ‘EoL responsibility’ is outsourced to the waste collection and recycling companies, and there is 
virtually no flow of information between stakeholders. In particular, the feedback from the EoL managers 
to the producers – probably the most essential information for DfEoL – is absent. The opportunities for 
circular economy in the EoL management of e-products remain untapped due to, among other reasons, 
the lack of effective communication among stakeholders in the product lifecycle. 
In Paper VII, we propose a framework for information exchange, which may help addressing the 
losses in the current resource recovery system. The proposed information exchange model is based on a 
two-way flow of information between the two main groups of stakeholders – producers and EoL managers. 
Figure 21 offers a simplified illustration of the ‘two-way information exchange model’, focusing on the 
design and the EoL management of a product. Unlike the traditional one-directional ‘feedback’ to the 
designers, this model allows the ‘feedforward’ of information from the designers to other stakeholders 
throughout the product life cycle. The major information flows include the product-related information 
(product-based feedforward) to be shared with EoL managers, and the EoL-related information (EoL-
based feedback) targeting producers/designers. 
  
Figure 21 Simplified illustration of the two-way information exchange model (Paper VII) 
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The functionality of the information exchange model is illustrated in Paper VII using a case of 
a common household appliance – microwave oven. The case study exemplifies how the information can 
be effectively exchanged between the design and the EoL stages of a product. Such a communication 
system offers an opportunity to bridge the gap between ‘design’ and ‘EoL management’ of e-products, 
which in turn, can help optimize the EoL value recovery as well as resource efficiency. For different 
reasons, it may be undesirable for the stakeholders to reveal all the information to the public. In order 
to tackle this issue, the information can be bundled in three layers of details (product-, component-, and 
material-levels) and made available only for the relevant stakeholders in the product lifecycle. 
Figure 22 illustrates this concept of bundling the information in three layers and the relevance of 
each fragment to the different product lifecycle stages. The information exchange can be facilitated 
through a platform built either as a software tool or as a web-based system. The International Dismantling 
Information System (IDIS)57 is an existing example of such a platform (for the automotive industry), 
which can be an inspiration for the envisioned two-way information exchange model for the e-industry. 
 
Figure 22 Illustration of the multi-layered information exchange model. The dashed-rectangles in each level cover 
the relevant life stages and stakeholders for information exchange (Paper VII) 
Ideally, it will be desirable to have such a comprehensive knowledgebase built on the 
understanding of both the ‘design’ and ‘EoL’ sides of all available e-products. However, performing such 
a comprehensive diagnosis of each existing and future products will demand significant efforts and 
resources. Considering hundreds of different e-products, it becomes essential to define them under a few 
product groups in order to ease the EoL management logistics and to implement realistic design 
guidelines. In this context, a ‘product family’ approach can be a solution to make the feedback model 
more effective, and ultimately to support the lifecycle management of e-products. 
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4.2 Product Family Approach 
A so-called Product Family Approach (PFA) has been used in the development and 
manufacturing in order to provide sufficient variety to the users, while maintaining the economies of 
scales at the same time58. A product family “refers to a set of similar products that derive from a common 
platform yet possess specific features/functionality to meet particular customer requirements”59. The main 
purpose of the PFA has been to support commonality, compatibility, standardization, or modularization 
among different products or product lines. Beyond design and manufacturing stages, families could ideally 
be built on a multidimensional core of assets, which includes processes along the whole value chain and 
environmental sustainability60,61. Realizing the potential for the PFA to expand beyond manufacturing, 
its feasibility in the lifecycle management of e-products was investigated.  
Paper VIII introduces a conceptual framework for e-waste management based on the PFA, 
which aims at addressing the challenges in the current EoL system and helping a smooth transition of 
the e-industry towards a more circular model. The paper identifies key attributes of e-products and EoL 
management systems upon which product families can be defined, and describes the success criteria for 
the implementation of a framework based on product family. 
In the current EoL management system, the products discarded after use are seen as e-waste (or 
urban mine), which serve as a secondary source of resources for the material recovery chain (Figure 23). 
In the proposed framework based on the PFA, the e-waste is treated as a collection of EoL products, 
which potentially retain product and component functionality. An improved system that ensures timely 
collection of EoL products and prevents the products from being damaged in the collection process will 
help preserve the remaining functionality. Once the EoL products are collected, a presorting platform will 
facilitate the sorting of EoL products into different product families. Such a platform can be supplemented 
with a testing facility, which will identify potentially reusable products and components. In future, we 
envision the presorting to be based on automated recognition of the EoL products and their categorization 
into ‘families’ that lay the foundation for further processing. Based on the identified product families and 
the listed priorities, optimal EoL route for each product family can be defined – including reuse, 
refurbishment, and remanufacturing. 
The EoL products with no other possibilities will then go through a family-centric processing for 
material recovery. Such a process will prioritize soft dismantling and creating component concentrates 
(as opposed to generalized shredding that creates material recyclates). Each component concentrates can 
be then sent to respective downstream processing for the optimal resource recovery. Such an approach 
will help reducing the loss of materials caused by shredding and improve the purity of recyclates, which 
in turn will lead to better recovery of resources in the recycling chain.
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Figure 23 Illustration of the current EoL management system (left) and the proposed framework based on a product family approach (right) (Paper VIII) 
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5 Concluding remarks 
The take-back system was a significant first step for e-waste management, which paved the path 
towards improved collection and material recycling of EoL products. Nevertheless, there remain 
substantial losses in the current EoL management system in the form of materials quality as well as 
quantity, and missed opportunities for reuse, refurbishment, and remanufacturing. More importantly, the 
key founding philosophy of the take-back system – linking manufacturing and EoL management of 
products in order to encourage reuse and efficient recycling – is largely ignored by the current practices.  
In this context, this PhD work explores the potentials for a circular economy in the e-waste 
management with the aim of improving the EoL resource recovery and implementing the DfEoL thinking 
in e-products. This study finds that in order for the e-industry to successfully transit towards a circular 
model, the current EoL management system will require a fundamental transformation, including: 
 a renewed approach in e-waste management, which respects the remaining functionality of the EoL 
products and components,  
 an effective collaboration among the stakeholders in the product lifecycle to support informed decision 
making during the design as well as the EoL management of e-products, and finally 
 an incentive mechanism that ensures the best possible option for EoL products based on their types 
and available possibilities. 
While this study has been able to identify the key issues and to conceptualize solution frameworks 
concerning circularity in e-industry, further investigations are required to ensure the implementation of 
these frameworks. Future work should focus on: 
 detailed techno-economic assessment of the suggested EoL management system with improved 
collection supplemented by a presorting and testing platform, 
 evaluating the business case for reuse, refurbishment and remanufacturing of various types of e-
products, and finally 
 exploring the potential design change – including standardizing common components across different 
e-products and modularizing product design – that can support the desired EoL option for e-products. 
As technologies keep advancing and e-products become more affordable to the growing middle-
class, their use is set to increase globally. This will, in turn lead to proportionally increasing challenges 
related to the use of natural resources. Embracing this inevitability and taking appropriate steps at the 
earliest will help to curb the undesired consequences in the future. 
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